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Abstract

Background

Osteomyelitis is a severe and often debilitating diseaseadieaized by inflammatony
destruction of bone. Despite treatment, chronic infection often developh vghassociated
with increased rates of treatment failure, delayed osseous-amdrextremity amputatio
Within affected bone, bacteria exist as biofilms, however the imp#cbiofilms on
osteoblasts during disease are unknown. Herein, we evaluatedeitico€f aureus biofilms

-




on osteoblast viability, osteogenic potential, and the expression pfdhasteoclast factor
receptor activator of NF-kB ligand (RANK-L).

Methods

Osteoblasts were exposed to biofilm conditioned media (BCM) francal wound isolates

of Staphylococcus aureus under normal growth and osteogenic conditions to assess cellular

viability and osteoblast differentiation, respectively. Cell vigpilvas evaluated using|a

live/dead assay and by quantifying total cellular DNA at day%, 3, 5, and 7. Apoptosi
following treatment with BCM was measured by flow-cytometising the annexin \

FITC/Pl apoptosis kit. Osteogenic differentiation was asdesse measuring alkaline
il

phosphatase activity and intracellular accumulation of calcium aedazdcin for up to 2
days following exposure to BCM. Expression of genes involved in osteogéeieniiation
and osteoclast regulation, were also evaluated by quantitative real@ime P

Results

S

BCM from clinical strains ofs. aureus reduced osteoblast viability which was accompahied

by an increase in apoptosis. Osteogenic differentiation wasisamnilfy inhibited following

treatment with BCM as indicated by decreased alkaline phosehaiztivity, decreased

intracellular accumulation of calcium and inorganic phosphate, dssvetduced expressip
of transcription factors and genes involved in bone mineralization in viable celisitémtly,
exposure of osteoblasts to BCM resulted in up-regulated expresdfAiNK-L and increasq
in the RANK-L/OPG ratio compared to the untreated controls.

1%

Conclusions

Together these studies suggest that soluble factors producé&d doyeus biofilms may
contribute to bone loss during chronic osteomyelitis simultaneolgly (1) reducing

osteoblast viability and osteogenic potential thereby limiting/ fne growth and (2)
promoting bone resorption through increased expression of RANK-L by aasténblo OU{
n

knowledge these are the first studies to demonstrate the impaeapbi/lococcal biofiims o
osteoblast function, and provide an enhanced understanding of the pathogenic
staphylococcal biofilms during osteomyelitis.

Keywords

Biofilm, Osteoblast, Osteogenic differentiati@aphyl ococcus aureus, Receptor activator of
NF-kB ligand, Osteoprotegrin

Background

Osteomyelitis is a debilitating disease, characterizedhéynflammatory destruction of bon
and surrounding tissues. Disease is most commonly preceded byobenmais spread o
microorganisms to the bone from either a contiguous infection or gifetibwing trauma.

role of

e
f

Saphylococcus aureus is the microorganism most commonly associated with hematogenous
and post-traumatic osteomyelitis, accounting for more than had#fllafases [1]. Despite
treatment and surgical intervention up to 30% of osteomyelitis gasgress into a chronic



infection [2]. Chronic osteomyelitis is associated with highsrateantimicrobial treatment
failure, increased rates of non-osseous union and extremity amputg8pnQver the past
decade clinicians have adopted the ‘biofilm theory’ to explain th®@nicity of bone

infections, recalcitrance to conventional antimicrobial treatnsend,incidence of infectious
relapse [4,5].

Biofilms are surface attached communities consisting of mono- gmpabbial species that
are surrounded by a self produced extracellular polymericxr&tf7]. In general, biofilms
represent a protected mode of growth enabling the organisms to t pesisisn
immunocompetent hosts, and are implicated as a significant pathogesrt i@ the
development of a number of chronic human infections, including osteomyél@s In
support of this, studies have demonstrated the presence of staphyldgofitas within
infected bone of patients with chronic osteomyelitis [9-11], thaical osteomyelitis isolates
of S aureus are capable of forming biofilms vitro [12-14], furthermore that staphylococcal
biofilms are a significant factor contributing to non-union [15,16]. Tistsdies indicate that
staphylococcal biofilms play a critical, yet not fully undecst role in the development of
chronic osteomyelitis and associated infectious complications.

Osteoblasts function as the major director of net bone formatiomsorption during the
normal physiological turnover of bone and following infection. Ostetbl&ilitate bone
formation directly, through the deposition and calcification of boneixnptomoting new
bone growth, and promote bone resorption indirectly by regulating tivétyaof osteoclasts
by the production of two cytokines, the receptor activator of NFigg@nt (RANK-L) and
osteoprotegrin (OPG), which promote and block osteoclast activity atesge [17-19].
During infection, shifts in the ratio of these two cytokines can imrte to overall bone loss,
which is typical of chronic orthopaedic infections. This is largklg to the combined effects
of microorganisms to elicit a local host inflammatory responseirapact osteoblast function
[20,21]. The current understandings of the molecular mechanisms thalba@to bone loss
during osteomyelitis are based on evaluating interactions betwashktqguic bacteria and
osteoblastsn vitro [20,22-24]. While these studies have provided insight into the bacterial
mechanisms contributing to bone loss, they fail to address the rdie bfdfilm phenotype
during disease, which is likely to be more representative of thertzdanode of growthn
vivo [4,8,9]. Because osteoblasts play a critical role for bone hommostad healing, a
logical speculation is that biofilms interacting with thessues during disease may exert
their negative effects on this cell type.

In this study, we evaluated the effectfaureus biofilms on viability, osteogenic potential,
and the production of RANK-L by human osteoblasts in response tdnsofHerein, we
characterize the extracellular proteome of released faptodiiced byS. aureus biofilms
and demonstrate that biofilm-derived factors negatively impattviadility and osteoblast
differentiation. Furthermore, exposure of osteoblasts to biofilm-conditionedia also
resulted in increased expression of RANK-L and the RANK-L/QBt®, indicating that
biofilms simultaneously promote bone resorption. These studies affesthteo show the
effect of biofilms on osteoblast function and to demonstrate mechartisrough which
biofilms may contribute to bone loss during chronic osteomyelitis.



Methods

Bacterial strains and growth conditions

S aureus SAMMC-700 is a methicillin resistant clinical wound isolatelted USA300 clonal
group recovered from a patient as a part of treatment and nedrédaresearch from the San
Antonio Military Medical Center (SAMMC, Ft. Sam Houston, TX). USM. (ATCC strain
49230) is a methicillin-susceptib® aureus strain of the USA200 clonal group, and a well
characterized osteomyelitis isolate [25,26]. Both clinical ssrarere included in this study to
thoroughly examine the impact of staphylococcal biofilms on ostdohiastion. Bacteria
were cultured in Tryptic Soy Broth (TSB) or agar plates overragl87°C. For planktonic
growth, individual colonies from overnight plate cultures of bactegeewased to inoculate
TSB broth and were grown with agitation at 37°C.

Biofilm formation and preparation of biofilm-condit ioned media (BCM)

Biofilm formation and generation of conditioned media were perodrmas previously
described [27,28]. Briefly, 5@ of a 1:100 dilution of overnight bacterial culture (£10
CFU/mL) was added to transwell culture inserts{th4pore size, Corning Inc, Corning, NY)
and grown under static conditions in TSB broth for 48 hr at 37°C. Ingeresswashed for 1
hr in 1x phosphate buffered saline (PBS), placed into Dulbecco’s Mibdifigle’s Medium
(DMEM) (Invitrogen, Carlsbad, CA) and maintained in DMEM at 37°Cdnradditional 4
days. BCM was collected daily and replaced with fresh medialeB BCMs were filter-
sterilized using a Oi@n syringe filter (EMD Millipore, Billerica, MA), pH adjustkto 7.4,
and stored at —80°C until use. Sterility of collected BCM waessed by spot plating and
overnight culture of the plates. Total protein from pooled BCM was deahtsing the
bicinchonic acid (BCA) assay (Pierce, Rockford, IL) followitg tmanufacturers protocol.
BecauseS aureus SAMMC-700 is an uncharacterized clinical wound isolate, further
characterization by mass spectroscopy was pursued for this. BEB&BCM of S, aureus
UAMS-1 was included for cellular experiments for a more extensive study.

Scanning electron microscopy (SEM)

For SEM analysis tissue culture inserts were excisedd fixéh 2% (w/v) glutaraldehyde,
2% (w/v) paraformaldehyde (PFA), 0.15M sodium cacodylate, 0.15% &Mhan blue for 3
hr, rinsed 3x with 0.15M sodium cacodylate buffer, and incubated in 1% @smjum
tetroxide in sodium cacodylate for 1 hr. Samples were dehydnatiec stepwise gradient of
ethanol and then treated with hexamethyldisilizane prior to digiregdesiccator overnight.
Samples were sputter coated with gold palladium and viewed wWl#CO4-6610 scanning
electron microscope (JEOL USA, Inc., Peabody, MA).

Protein identification by mass spectrometry

Cell lysates were loaded onto a pre-cast 12% SDS-PAGEBgeR@d, Hercules, CA) in
Laemmli sample buffer and run 2 cm into the gel as measuredtfi®iottom of the well.
The gel was fixed and stained for 60 min using colloidal coomassideasthined overnight

in water. Lanes were evenly cut into 6 slices startinthattop of the resolving gel and
ending at the dye front (~1 cm). Each slice was further dicedLimim x 1 mm cubes. Slices
were then digestetnh situ with trypsin according to standard protocols based on the initial



work of Mann and co-workers [29]. Briefly, protein bands were excissu the gel and
destained twice in 50% acetonitrile (ACN)/40 mM ammonium bicarbop&ter.4, prior to
digestion. Gel plugs were then dehydrated in 100% ACN and rebgdrath 5 to 1Ql of 10
ngful trypsin (Promega; modified) in 40 mM ammonium bicarbonate/20% AGQN a
incubated overnight at 30°C. The resulting peptides were extractedrafudhes of 0.1%
TFA/50% ACN for 1 to 2hr at RT, decanted from the gel slicedddown in an autosampler
tube in the speed vacuum w/o heat, and resuspended in 0.5% TFA. Peptides were analyzed by
capillary-HPLC-electrospray tandem mass spectrometry GHB&I-MS/MS) on a Thermo
Fisher LTQ ion trap mass spectrometer coupled to an EksigentL8amicro HPLC by
means of a PicoView (New Objective) nanospray interface. ll@gpion-line HPLC
separation of tryptic peptides was conducted using the follosamglitions: column, New
Objective PicoFrit, 75um id, packed to 11 cm with C18 adsorbent, (Vydac 218MSB5);
mobile phase A, 0.5% acetic acid/0.005% TFA in water; mobile pha8®% ACN/0.5%
acetic acid/0.005% TFA in water; gradient, 2% B to 42% B in 30 rfow; fate, 0.4ul/min.

A data-dependent acquisition protocol was employed consisting of ong searefollowed
by 7 collision-induced dissociation spectra. The un-interpreted SpH2tra were searched
against the NCBInr database using Mascot (Matrix Science; l@gzacin-house license).
Methionine oxidation was the only variable modification considered. Maxirmissed
cleavages for trypsin was set at 1, peptide charge at 2+ arukgtide tolerance at +/- 1.5
Da, and MS/MS tolerance at +/- 0.8 Da. Mascot data was thennri8caffold 3.1
(www.proteomesoftware.com) and cross correlation of the Masadtgegas carried out by
X! tandem against the NCBInr subset database. Proteins withpantation score of 10or
lower were considered positive identities. Proteins were ideohtiivith 3—-15 matched
peptides and a minimum of 95% sequence coverage.

Culture of human osteoblasts and osteogenic diffenéiation

Human osteoblasts (PromoCell, Heidelberg, Germany) were nm&dtain DMEM
supplemented with 10% fetal bovine serum (FBS), penicillin 10U rmhd streptomycin
10ug mL™* at 37°C in 5% C@ For osteogenic differentiation of osteoblasts cells were deede
into 24-well plates or 10 cm culture dishes and when cells re&f8édonfluence they were
cultured in media supplemented with ascorbic acigtNB0 B-glycerolphosphate (20mM) and
dexamethasone (1uB1) (Sigma, St. Louis, MO) for up to 21 days in the presence or absence
of BCM.

Cell viability and proliferation

Cell viability and proliferation of osteoblasts was assessed) @sinlVE/DEAD® assay kit
and by quantifying total cellular DNA using the CyQUANT® [C#@¥roliferation Assay
(Molecular Probes, Grand Island, NY), respectively, following expo$o BCM up to 21
days in 48-well plates as recommended by the manufacturer.

Measurement of apoptosis in osteoblasts

Apoptosis in osteoblasts was evaluated after 24 hr treatmenB@husing the Annexin V-
FITC apoptosis detection kit (BD, Franklin Lakes, NJ) by fluoneseectivated cell sorting
(FACS) using a FACSCalibur flow cytometer (BD, Franklin Lakbk]) as previously
described [30]. Data was analyzed using FlowJo software (Taeel&t., Ashland, OR). As
a positive control for apoptosis, ¥l staurosporine (Sigma, St. Louis, MO) was used [31].



Alkaline phosphatase (ALP) measurement

Quantification of ALP activity in osteoblasts was carried ouhgithe SensoLyte® pNPP
Alkaline Phosphatase Assay (AnaSpec, Fremont, CA) accordingahefacturer’s protocol.
Briefly, cells were lysed using Triton X-100, and alkaline phospbatativity was detected
within supernatants by measuring absorbance of the dephosphorylat@eoganic
substrate, p-Nitrophenyl phosphate, at 405nm. Concentrations of ALP within theatapern
were determined using a standard curve generated with calf intddtiha

Osteocalcin staining

Osteoblasts were grown and differentiated for 14 and 21 days in P4{latds in the
presence or absence BCM as above. Cells were then fixed wittFAY%pPrmeabilized and
blocked with 1% BSA + 0.1% Triton X-100 in 1x PBS for 30min. Mouse anti-human
antibody for osteocalcin (R&D systems, Minneapolis, MN) w#sted 1:200 and added to
cells for 1 hr. Phycoerythrin (PE) labeled secondary goat amisen antibody (Abcam,
Cambridge, MA) was added at a final concentration of 1:10,000 andveeiés visualized
with an Olympus IX71 inverted fluorescence microscope (Olympus Inc, Certey \RA).

Alizarin red S staining

Intracellular calcium deposition in osteoblasts following treatmeith BCM under
differentiating conditions was assessed by Alizarin Readhis@i Briefly, osteoblasts were
seeded into 24-well plates and grown under osteogenic conditions abetesbove in the
presence or absence of BCM. At 7, 14, and 21 days cells wedewike 4% PFA, washed
with sterile 1x PBS, stained with 2% (w/v) Alizarin Red Sg(®a, St. Louis, MI) and
visualized by light microscopy.

RNA extraction and real-time PCR

RNA was extracted from cells treated with BCM in 10 cnh cglture dishes, processed with
the QIlAshredder, and purified using the RNAeasy Mini Kit (Qmgéalencia, CA) as per
manufacturer instructions. First strand synthesis was achievibd SuperScript Il first-
strand synthesis supermix with oligo-dT primers (Invitrogen,dbad, CA) for each RNA
sample following recommended protocols using a PTC-100 Thermal rC{@MI Inc,
Ramsey, MN). For genes of interest (Table 1), quantitativetireal polymerase chain
reaction (QRT-PCR) was performed using a Bio-Rad C1000 systemnahgred using iQ5
software (BioRad, Hercules, CA). The primers sets used B ghidy were based on
optimized and validated primers from PrimerB&r{Kable 1). Amplification reactions were
performed using gPCR IQSYBR Green Super Mix (BioRad, Herculdg, Wth the
following conditions: 10min at 95°C, followed by 40 cycles at 95°C for 10s, 66°QG0s,
72°C for 30s. Three independent biological experiments with three techepbaates were
performed for each reaction. Transcript levels were normaliaethd internal control,
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), mRNA andgetan relative
expression were calculated using2method [32].



Table 1Primers used in this study

Gene Accession number Primer sequence

Activating Transcription ATF Sense CCCTTCACCTTCTTABCCTC

Factor 4 (NM_182810) Antisense TGCCCAGCTCTAAACTAAAGGA

Runt-Related Transcription RUNX2 Sense TGGTTACTGTGAGCGGGTA

Factor 2 (NM_001015051) Antisense TCTCAGATCGTTGAATKSCTA

Alkaline phosphatase ALP Sense AACATCAGGGACATTGAG®T

(NM_001127501)  Antisense GTATCTCGGTTTGAAGCTCTTCC

Osteocalcin BGLAP Sense CACTCCTCGCCCTATTGGC
(NM_000711) Antisense GCCTGGGTCTCTTCACTACCT

Osteonectin SPARC Sense CCCATTGGCGAGTTTGAGAAG
(NM_003118) Antisense AGGAAGAGTCGAAGGTCTTGTT

Receptor Activator of NF-KB Ligand RANK-L Sense GTGCAGCGTCGCCCTGTT
(NM_003701) Antisense ACCATGAGCCATCCACCATCGC

Osteoprotegerin OPG Sense CGCCTCCAAGCCCCTGAGGT
(NM_002546) Antisense CAAGGGGCGCACACGGTCTT

Glyceraldehyde-3-phosphate GAPDH Sense CAGCCTCCO®RGICTCTC

(NM_002046) Antisense CCAGGCGCCCAATACGACCA

& Primers used in this study were obtained from Primer BankR“P@imers for gene
Expression Detection and Quantification”. http://pga.mgh.harvard.edufpame (The
Center for Computational and Integrative Biology). All selectiorese made relative to
comparable annealing temperatures, as well as products clb88hp in length to maintain
consistent PCR conditions.

Statistical analysis

Statistical analyses were performed using One-way AN@WA appropriate post-hoc tests
for comparisons between groups using sigmaplot version P2@lues of <0.05 were
considered to be statistically significant.

Results

Characterization of biofilm-derived factors produced by clinical isolates ofS.
aureus

After 48 hours of growth under static conditions, b&haureus strain UAMS-1 and
SAMMC-700 formed mature biofilms on the transwell surface. As shaw the
representative SEM images, mature biofilms of both straing wkaracterized by large
heterogeneous structures composed of accumulations of aggregaézd padh few visible
planktonic bacteria, confirming that the majority of cells ushig model were in a biofilm
state (Figure 1A). BCM on average contained 32 + 5 and 25ug/fBL of extracellular
protein for UAMS-1 and SAMMC-700 respectively (Figure 1B). Givle similarity in
protein concentrations between the BCM produced by both strains; moteave/AMS-1 is
a well characterized isolate, we choose to characterizeB@¥ of the wound isolate
SAMMC-700 by mass spectrometry to identify those soluble fagtoesent. Proteomic
analysis of the biofilm conditioned media (BCM) fror8 aureus SAMMC-700,
demonstrated the presence of a heterogeneous mixture of proteingassioig all aspects
of bacterial physiology, including transcription, translation, energtabolism, pathogenesis,
and proteins of unknown function (Figure 1C; Additional file 1). The predomuiass of
extracellular proteins present within the BCM were primathpse involved in energy
metabolism (42%), including carbohydrate, lipid, and nucleotide metabalsmell as those



involved in protein synthesis and processing (19%). Interestialjhough virulence factors
were detected within the BCM @& aureus SAMMC-700, this group represented a small
percentage of the total extracellular proteome (12%; Additional file 1).

Figure 1 Soluble factors produced byStaphylococcus aureus biofilms. A) Representative
SEM images o8. aureus strain UAMSL1 (top panel) and SAMMC -700 (bottom panel) after
48 hr growth (scale bars =1n). B) Total protein g/mL) within the BCMs ofS. aureus
clinical strains as determined by the BCA as§gyProteomic analysis of BCM fro®

aureus strain SAMMC-700 by mass spectroscopy. Proteins identified within the BGM we
separated into functional categories, and represented as a percentagetaf pineteins
identified.

Biofilm-derived factors reduce osteoblast viabilityby activating apoptosis

BCMs from S aureus UAMS-1 and SAMMC-700 had a dose-dependent effect on the
viability of human osteoblasts, with concentration§0% having a significant, detrimental
effect on cell viability within 24 hr. In contrast, at 25% minimal effectsteoblast viability
were observed albeit increasing over time with maximal efdac21 days, whereas
concentrations 25% had little to no effect at 24 hr (Additionak f2e 3). Based on the
viability studies and to permit the adequate time required taluate osteogenic
differentiation, we chose to use the 50% BCM for short tetrii lays) studies, including
viability and apoptosis, and 25% BCM for extended experimentsdays), those related to
evaluating osteogenic differentiation. Exposure of osteoblasts to @i fBom S aureus
SAMMC-700 significantly reduced cell viability and proliferatiors aletermined by
measuring the amount of viable cells and quantification of celDN\&k, respectively (Figure
2A-B). Evaluation of osteoblasts, following treatment with BCM fori24oy Annexin V
staining, demonstrated that BCM &faureus was capable of inducing apoptosis (Figure 2C-
D). These results suggest that the decreases in cell numbdravaypeen due, at least in
part, to an increase in apoptosis. Importantly, the effects &fi B& osteoblasts were not
strain independent, as similar effects on viability and activaticepoptosis were observed
when using the BCM d& aureus strain UAMS-1 (Figure 2A-D).

Figure 2 Biofilm factors reduce viability and activate apoptosis in human osteoblasts\)
Viability in osteoblast expressed as ratio of fluorescence (495ex/515em)imethta non-
treated control group) Total DNA recovered from osteoblasts following treatment with
BCM, normalized to day O controls. Bars represent experimental averageseof thr
independent experiments * standard deviat@®rRepresentative flow-cytometry histograms
measuring apoptosis in osteoblasts exposed to BCM for 24 hr by Annexin V stainidy and
corresponding percentages of Annexin V positive cells from two independent exgsrime
Statistical analysis was performed using a One-Way ANOVA witbrdéroni test to
determine statistical differences between groups; *p<0.01, ** p<0.001 versus controls.

Staphylococcal biofilm factors inhibit osteogenic diferentiation in vitro

To evaluate the effect of soluble factors produced by biofilms oogetéc differentiation, a
critical function of this cell type, osteoblasts were cultured ungtogenic conditions in the
presence or absence of BCM for up to 21 days. The addition of BCM Ifr@rtwb clinical
strains ofS. aureus dramatically reduced ALP activity (Figure 3A) as welklas intercellular
accumulation of calcium and osteocalcin (Figure 3B, C) in viable wélen compared to the
osteogenic control group. Consistent with these results, gene eéapresmlysis of the



transcriptional regulators involved in osteogenic differentiation, inetudactivating
transcription factor 4Atf4), runt-related transcription factor Runx2), as well as those genes
involved in matrix mineralization, alkaline phosphatagép), osteocalcin Bglap) and
osteonectin@parc) by gRT-PCR were also observed to be significantly dealeaisdays 7
and 14 following treatment with the BCM in viable cells (Table 2).

Figure 3 Staphylococcal biofilm factors inhibit osteogenic differentiation in kiman
osteoblastsA) ALP concentration in osteoblasts exposed to BCM. Bars represent the
averages = std dev from three independent experin@n@alcium deposition in osteoblasts
andC) osteocalcin in osteoblasts treated with BCM revealed by Alizarin Readrthgtand
immunofluoresence using specific antibody, respectively. Images were aakt 0x
magnification (bars represent 10@). Statistical analysis was performed using a One-Way
ANOVA analysis using a Bonferroni test to determine statistical difiees between

groups.* p< 0.01 versus control group.

Table 2Relative expression of genes involved in osteogenic differentiation
Day 7 Day 14
Relative expression Fold difference® Relative expression Fold difference’

Transcription factors
runx2

No Treatment (+ osteogenic media)* 1.12+0.10 3.33 2.55+0.23 3.643
UAMS-1 0.12+0.18 0.590 0.93+£0.22 1.329
SAMMC-700 0.08 £0.25 0.381 0.13+0.80 0.186
atf4

No Treatment (+ osteogenic media)* 35.4+10.0 @.47 72.1 £0.30 3.433
UAMS-1 16.1 +£0.15 1.126 26.1 £1.00 1.243
SAMMC-700 13.5+0.16 0.944 19.3+0.21 0.919
Genes involved in mineralization

alp

No Treatment (+ osteogenic media)* 5.73+0.14 637 9.01 +£0.04 15.615
UAMS-1 0.17 £0.01 0.187 1.12 +0.04 2.166
SAMMC-700 0.27 £0.01 0.306 0.21 £0.10 0.406
bglap

No Treatment (+ osteogenic media)* 0.77 £0.04 4681 6.0 +0.33 40.816
UAMS-1 0.001 +1.00 0.009 0.10+£0.33 0.680
SAMMC-700 0.001 +0.51 0.009 0.01+0.34 0.068
sparc

No Treatment (+ osteogenic media)* 174+ 37.8 2.568 124 +0.21 1.879
UAMS-1 445 +22.7 0.656 48.7 £0.24 0.738
SAMMC-700 35.7+24.2 0.526 84.9£0.25 1.286

& fold difference is the difference in relative gene expressimmpared to osteoblasts grown
under. non-osteogenic conditions (- osteogenic media).
* Indicates a positive osteogenic differentiation control; osteogenic media noti&@tvhent.

Biofilm conditioned medias promote bone resorptiorby up regulating RANK-
L expression and increasing the RANK-L/OPG ratio

To assess the effect of staphylococcal biofilm factors on RANind OPG expression in
osteoblasts, we evaluated relative gene expression by gRTaR&¥&is following exposure
to BCM. At 1, 3, 7 and 14 days relative levels of RANK-L expssn osteoblasts were
significantly increased in comparison to the control group follgv@rposure to the BCM of
both S aureus strains (Figure 4A). Relative expression of OPG was increased at day 3 but not
at any of the other days evaluated for UAMS-1(Figure 4B). Naifgignt increases of OPG



were observed in osteoblasts treated with BCM fr8maureus strain SAMMC-700.
Importantly, compared to the control group BCM from both strairfs adireus significantly
increased the RANK-L/ OPG ratio in osteoblasts at days 1, 7 a(feldute 4C). BCMs of
aureus strains SAMMC-700 and UAMS-1 increased the RANK-L/OPG ratie and 4.6-
fold at day 1, an average of 1.5-fold at day 3, and averages of >40 fold at days 7 and 14.

Figure 4 Biofilm -derived factors increase the expression of RANK and the RANK-
L/OPG ratio in human osteoblastsRelative gene expressionAf RANK-L, B) OPG, and
C) the RANK-L/OPG ratio in osteoblasts exposed to BCM for 1, 3,7 and 14 days. Gene
expression levels were measured by qRT-PCR, normalized to the internal c@&RIDHG
and presented as relative expression usingtfié ethod. Bars represent averages +
standard deviation from three independent experiments. Statistical anaggerormed
using a One-Way ANOVA analysis using a Bonferroni test to determinstistat
differences between groups at each timepoint; * p< 0.01 versus control group.

Discussion

Bone regeneration following normal physiological turnover and pathologuealts requires
coordinated responses directed by osteoblasts to promote adequatgoresmd new bone
growth. The depletion of osteoblasts, inhibition of osteogenic potentidlysoegulation of
bone resorption by microorganinisms during infection, suchSasureus, can have
detrimental effects on osseous regeneration. The current undergtasfdipathological
mechanisms of bone loss during bacterial disease is from stexidisating interactions
between planktonic bacteria and osteoblasts [20,24,33-35]. Although these s$iavdees
provided insight into some of the pathological mechanisms contributipgni® loss they do
not address the role of the biofilm during disease. This is aplarly important lapse, given
that staphylococcal biofilms are considered to be the predominateahgdewth in affected
bonein vivo, and have a central, yet not fully understood role, in the developmemtoniic
osteomyelitis [4,8,15,16].

Microbial biofilms represent a significant barrier to wound healBt}38]. The ability of
biofilms to delay wound healing is well characterized and has beewn, in part, to be a
direct effect of soluble bacterial products released fronbiti@m on host cells [27,39,40].
For example, supernatants frof aureus biofilms have been shown to reduce cellular
migration and induce apoptosis in fibroblasts and keratinocytes [27,39¢wils,
supernatants frorRseudomonas aeruginosa and Enterococcus spp. have also been shown to
inhibit keratinocyte migration and other wound healing functions [41]. Oswebdae the
primary cell type involved in facilitating new bone growth anddbpletion of this cell type
during chronic disease can have a tremendous impact on healing ouldwmexposure of
osteoblasts to BCM @ aureus was observed to significantly reduce viability, which was in
part, due to activation of apoptosis. Previous studies have shown that avbeluced with
planktonic S. aureus, osteoblasts undergo apoptosis following internalization of the
bacterium, due to activation of TNF-related apoptosis inducing ligaRAI() [35,42], and
more recently through a family of nucleotide binding domain leuctte-repeat region
(NLRSs) proteins, including NLRP-3 [43]. In contrast to studies witmldlanic bacteria, our
results indicate tha®. aureus biofilms activated apoptosis in osteoblasts through a paracrine
effect. As TRAIL and NLRP-3 activation require active infextof the host cell, these
findings indicate that a separate mechanism may be involved wataugi apoptosis in
osteoblasts following exposure to soluble factors produced by biofitatare studies are



necessary to characterize the mechanisms through which apaoptasisated in osteoblasts
following exposure to BCM.

Analysis of the extracellular proteome of the BCM ®f aureus strain SAMMC-700
demonstrated the presence of a heterogeneous mixture of protesmsndaded proteins
primarily involved in energy metabolism, protein synthesis and tosseleextent those
involved in virulence, oxidative stress, and transcription (Additiona¢ fil). The
predominance of cytosolic proteins within the BCM is likely theule of the bacterial
autolysis that occurs naturally during the maturation of the limofd4,45]. Although
relationships between bacterial metabolism and virulence have fegorted, soluble
virulence factors, including alpha)themolysin, gammay] —hemolysin and staphopain B,
detected within the BCM may represent those factors likely iboititng to cellular apoptosis.
Saphylococcus aureus produces a number of different components contributing to cellular
toxicity, including exoenzymes and exotoxins. Exotoxins produce®. layrreus include a
family of four membrane-damaging hemolysins (alpha-, beta-, ganamé delta-hemolysin)
of which a-hemolysin Hla) plays an important role in the pathogenesis [46]. Alpha-toxin is a
pore-forming hemolytic toxin that causes membrane damage acdpable of inducing
apoptosis in a wide range of mammalian cells including , keratie®¢4¥], fibroblasts [48],
and monocytes [49]. Likewise, the staphylococcal cysteine proggistphopain B (SspB)
critically impairs antibacterial functions and induces ceditden neutrophils and monocytes
[50,51]. The impact of staphylococcal hemolysin or staphopain on ostebbEsiot been
previously described, and may represent an uncharacterized rdlee$er virulence factors
during osteomyelitis. Although the activation of apoptosis in osteolftakising exposure
to BCM is strongly suggestive of a role for cytolysins andher staphopain this does not
exclude the possibility that other metabolites and/or proteinssezlely the biofilms may
contribute to the effects on osteoblasts. The identification of tlaaser$ that mediate these
effects on osteoblasts are currently underway.

Osteoblasts facilitate new bone growth by depositing and &ilit the calcification of bone
matrix. During osteoblast differentiation, several markerseaggessed including alkaline
phosphatase, which are important for bone matrix deposition and miagaaljzas well as
regulators of matrix calcification, including osteocalcin and wetetin. Notably, the
differentiation of osteoblasts is highly regulated by the tenhpactivation of various
transcriptional regulators of which RUNX2 is best described [SPNR2 is a transcription
factor that controls skeletal development by regulating ostdolldferentiation and
expression of many extracellular matrix protein genes duritepgsnesis, including alkaline
phosphataseA[p) and osteocalcinBglap) [52,53]. In the presence of BCM osteogenic
differentiation was significantly impaired. Based on previous studidicating the crucial
role of the transcriptional regulator€bfal/Runx2, during osteogenic differentiation our
results suggest that BCMs may affect osteoblast function byang the expression of
Runx2 in viable, non-apoptotic cells. Whether other pathways involved in gestén
differentiation, including WNT signaling among others, are impacteBOWY remain to be
determined.

In addition to supporting bone growth, osteoblasts also regulate bone resofpimns
accomplished through indirect control of osteoclast activity throhghrelative ratio of
RANK-L/OPG. In the presence of BCM, RANK-L expression andRANK-L/OPG ratios
were significantly increased compared to control groups asa&adgy. Increased expression
of RANK-L and/or changes in RANK-L/OPG ratio have been shawbet strong predictors
of rapid and persistent bone loss in rheumatoid arthritis, osteop@ogiperiodontal disease



[22,54]. Consequently, during disease biofilms, in addition to reduced osteisgenes
simultaneously may promote bone loss through activation of osteociadtyaas a result of
increased RANK-L production by osteoblasts. The combined effects afilnis on
osteoblasts can have a significant impact on disease progresdidimeahealing outcome in
the patient.

Conclusion

Biofilm formation is a central event in the development of chronieehafections and has
been shown to be a significant contributing factor to non-osseous union intgatith
osteomyelitis. The results from this study indicate that soloioiém factors from clinical
isolates of S, aureus can affect bone formation and resorption through simultaneous
mechanisms including: 1) reducing cellular viability through apoptdjisinhibition of
osteogenic differentiation, and 3) increasing RANK-L expression, promoting esomption.
These studies are the first to demonstrate the impact of bsodilmosteoblasts; moreover to
provide insights into the pathogenic mechanisms of biofilms that baterito infectious
complications during chronic bone infections.
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Additional files

Additional_file_1 as XLSX
Additional file 1: Table S1. Soluble factors identified within BCM of S. aureus SAMMC-
700 by mass spectroscopy.

Additional_file_2 as TIFF

Additional file 2 Dose dependent response of BMC on osteoblast viability. osteoblasts were
exposed to various concentrations (5, 10, 15, 25, 50, 75 and 100%) of BMC for up to 3 days.
Viability following exposure was determined by measuring fluorescétffgex/515em) and
expressed as a ratio to the non-treated control group.

Additional_file_3 as PPTX

Additional file 3 Effect of biofilm conditioned media (BMC) on Osteoblast Viability.
Osteoblast were exposed to BMC at 25% for up to 21 days. Viability following expeasre
determined by measuring fluorescence (495ex/515em) and expressed a®dratimh-
treated control group.
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